Many free-swimming unicellular organisms show negative gravitaxis, i.e. tend to swim upward, although their specific densities are higher than the medium density. To obtain clues to the mechanism of this behavior, we examined how a mutation in motility or behavior affects the gravitaxis in Chlamydomonas. A phototaxis mutant, ptx3, deficient in membrane excitability showed weakened gravitaxis, whereas another phototaxis mutant, ptx1, deficient in regulation of flagellar dominance displayed normal gravitaxis. Two mutants that swim backwards only, mbo1 and mbo2, did not show any clear gravitaxis. We also isolated two novel mutants deficient in gravitaxis, gtx1 and gtx2. These mutants displayed normal motility and physical characteristics of cell body as assessed by the behavior of anesthetized cells. However, these cells were found to have defects in physiological responses involving membrane excitation. These observations are consistent with the idea that the gravitaxis in Chlamydomonas involves a physiological signal transduction system, which is at least partially independent of the system used for phototaxis.
Introduction
Many motile unicellular organisms detect environmental factors such as light, chemical substances and gravity, and accumulate around environments most appropriate for their survival. Such a simple form of behavior is called taxis. The taxis induced by gravity, gravitaxis, may have the oldest origin since all forms of life have been under the influence of gravity from the beginning. In fact, virtually all free-swimming unicellular organisms have a tendency to swim upward, i.e. show negative gravitaxis, despite the fact that the specific gravity of the cell is usually greater than that of the surrounding medium.
The mechanism by which a unicellular organism shows gravitaxis has been studied for decades (see for review Bräucker 1992, Hemmersbach et al. 1999 ). There are two major groups of hypotheses on its mechanism. One is that the gravitaxis is based on simple physical properties of the cell. According to this hypothesis, cells tend to point upward because the center of gravity is located posterior to the center of buoyancy in the cell (Verworn 1889, Fukui and Asai 1985) , or, in sinking cells, the wider posterior part produces a greater viscous drag than the narrower anterior part (Roberts 1970) . In fact, certain kinds of cells such as Paramecium, when anesthetized and immobilized, have been observed to spontaneously turn upward (Mogami et al. 2001) . However, those hypotheses based on the position of the center of buoyancy cannot account for the reversal of the gravitaxis direction observed when cells were transferred to a high density medium, since such conditions increase the buoyancy but should not change the direction of passive rotation (Ooya et al. 1992 , Murakami et al. 1993 , Lebert and Häder 1996 . The other hypothesis is that some physiological responses are involved in gravitaxis. According to this model, perception of gravity may induce a change in the membrane potential, which in turn modulates the cell's swimming direction. In Euglena, there are indications that depolarization of membrane potential occurs in parallel with gravitactic orientation (Richter et al. 2001a) . Also, an increase in intracellular calcium concentration has been detected in Astasia longa displaying negative gravitaxis (Richter et al. 2001b) .
Although a number of experiments have been carried out to support either hypothesis, there has been no clear assessment as to the extent each mechanism contributes to gravitaxis. One way to evaluate the involvement of each mechanism would be to remove or change a particular component by mutation. For example, a mutant of Paramecium tetraureria with an altered shape has been shown to display a greater magnitude of gravitaxis (Nagel and Machemer 2000) . In this study, we used Chlamydomonas reinhardtii, which allows us to isolate mutants relatively easily and offers a collection of mutants with defects in motility and photo-behavior (Horst and Witman 1993 , Pazour et al. 1995 , Matsuda et al. 1998 .
Chlamydomonas, a photosynthetic unicellular organism that lives in fresh water or soil, shows negative gravitaxis probably in order to return to the surface in darkness or after transient loss of flagella (Bean 1977) . Bean (1977) found that gravitaxis in Chlamydomonas was inhibited when the horizontal swimming path was limited to less than 200 mm and, from this and other observations, concluded that reorientation through passive mechanism is not involved in gravitaxis in this organism. Kam et al. (1999) observed vertically swimming cells using a horizontal microscope and found that upward swimming cells were dominant in Chlamydomonas. They found that normal negative gravitaxis occurred in a mutant, ptx1, which does not display phototaxis due to a defect in the mechanism that regulates Ca 2+ -controlled dominance of the two flagella (Horst and Witman 1993) . They thus suggested that the gravitactic behavior is controlled through a mechanism distinct from the one used in phototaxis. In support of this idea, gravitaxis in Chlamydomonas has been shown to be unaffected by removal of extracellular Ca 2+ or addition of Ca 2+ channel blockers, whereas phototaxis is clearly inhibited by those treatments (Kam et al. 1999 , Sineshchekov et al. 2000 . Based on these observations, Kam et al. (1999) proposed that gravitaxis occurs through a passive mechanism, a suggestion contrary to Bean's conclusion. The significance of the cellular physical characteristics for gravitaxis, however, has not been examined experimentally yet. Furthermore, it is still possible that gravitaxis is mediated by some physiological responses that do not require extracellular Ca 2+ .
In this study, to evaluate the contribution of the active and passive mechanisms, we examined gravitaxis in mutants that have defects in motility or phototaxis. In addition, we attempted to obtain new clues to the gravitaxis mechanism by isolating mutants deficient in gravitaxis. Our results support the view that gravitaxis depends on the membrane excitability but not significantly on the physical characteristics of the cell.
Results

Gravitaxis in wild-type and various mutants of Chlamydomonas
When a vertically placed glass tube was filled with a suspension of wild-type Chlamydomonas cells, the cells tended to move toward the top of the tube and, with time, accumulated at the top (Fig. 1A) . The cells were initially distributed evenly and the gravitactic index (GI; see Materials and Methods) was close to zero. With the upward movement of the cells, GI gradually decreased and, in about 90 min, reached -0.7 ( Fig. 1A ; note that the direction of the ordinate is reversed to indicate upward movement). The tendency of the cells to accumulate at the top of the tube should not be due to chemotaxis toward oxygen since the glass tube was sealed airtight. Nor was it due to phototaxis, since the cells were kept under red illumination (>600 nm), which does not induce phototaxis. Cells kept in a horizontally placed glass tube did not migrate toward either end of the tube. Hence, the tendency of cells to migrate upward in this experiment can be regarded as a manifestation of negative gravitaxis.
The accumulation to the top of the tube is caused by motility of the cells. A motility mutant, oda1, which swims at a speed about a half of the wild-type speed, showed a decreased degree of gravitaxis (Fig. 1A) . Mutants that swim backward only (mbo1 and mbo2) accumulated slowly to the bottom of the tube. This speed was similar to the sedimentation rate of a flagellated non-motile mutant, pf18 (Fig. 1B , broken line in Fig. 1A ).
To test whether gravitaxis shares some common mechanisms with phototaxis, two phototaxis-deficient mutants, ptx1 and ptx3, were examined for gravitaxis. The mutant ptx1, which cannot change the swimming direction during phototaxis due to a defect in Ca 2+ -dependent regulation of the flagellar activity, was found to show gravitaxis with almost the same intensity as in wild type (Fig. 1C ). This observation is consistent with the finding by Kam et al. (1999) , who reported that this mutant displays gravitaxis. In contrast, ptx3, which possibly has a defect in membrane excitation (Pazour et al. 1995) , showed a decreased magnitude of gravitaxis (Fig. 1C ).
The observations above suggest that the regulation for gravitaxis differs from the one used for phototaxis (Kam et al. 1999 ) and that gravitaxis is brought about by regulation of cell motility through some mechanism involving membrane excitability.
Isolation of novel mutants deficient in gravitaxis
For isolation of gravitaxis mutants, Chlamydomonas cells were mutagenized by UV irradiation and cells that remained in the bottom half of vertically placed tubes were concentrated. By repeating this procedure, about 80 clones were obtained that constantly showed abnormal distribution in the tubes. Although most mutant clones displayed abnormal motility, two clones (gtx1 and gtx2) showed apparently normal flagellar beating and swimming velocity. The gravitaxis in those clones was significantly impaired; at 90 min, the gravitactic index was -0.24 (gtx1) and -0.11 (gtx2) whereas it was -0.72 in the wild type (Fig. 2) . This deficiency in gravitaxis should not be due to any motility defects since their swimming velocities and flagellar beat frequencies did not significantly differ from those in wild type (Table 1) .
Physical characteristics of gtx1 and gtx2 cells
Previous studies on protists such as Paramecium suggested that gravitaxis may be caused by physical characteristics of the cell (see Bräucker 1992, Hemmersbach et al. 1999) . To see whether this hypothesis can explain the gravitaxis deficiency in the Chlamydomonas gtx1 and gtx2 mutants, we compared the physical characteristics of the mutant cells with those of wild-type cells. The lengths of the longer and shorter axes of the oval-shaped cell body, the specific gravity of the cell measured by centrifugation in media of various specific densities, and the sedimentation velocity measured with a horizontal microscope were all almost identical between the mutants and wild type ( Table 2) .
The torque produced due to the discordance between the center of buoyancy and that of gravity has been suggested to be the basis of gravitaxis in certain protists (Verworn 1889, Fukui and Asai 1985) . In another hypothesis, a torque produced in sinking cells by a difference in viscous drag between the anterior half of the cell and the posterior half is important (Roberts 1970) . In fact, immobilized wild-type cells were found to sink with their anterior end (flagella-bearing end) pointing upward. We found, however, immobilized gtx1 and gtx2 cells showed the same upward orientation (Fig. 3A) . To quantitatively examine the tendency of the immobilized cells to turn upward, we measured the rates of their re-orientation. After the chamber containing a cell suspension was turned upside-down, the cells slowly rotated upward (Fig. 3B) . The rate of rotation was almost constant at the angles of cell orientation between 30 and 150° relative to the direction of gravity (Fig. 3C) . The rate of rotation in gtx1 and gtx2 cells was almost identical with that in wild-type cells (Fig. 3C ). All these observations indicate that the physical characteristics of gtx1 and gtx2 do not differ from those of the wild type and therefore cannot explain their defects in gravitaxis.
Sensitivity to environmental factors
Since physical parameters of the gtx cells did not appear to be the basis for their behavioral abnormality, we suspected that their defects might be due to some deficiency in their responsiveness to physical stimuli. We thus examined their response to mechanical stimuli. Chlamydomonas and its close relative Spermatozopsis display a transient reverse-swimming response (stop response) when mechanically stimulated (Yoshimura 1996, Kreimer and . Such responses can be observed under the microscope; when the cells are allowed to swim between closely spaced (placed ~30 mm apart) glass slide and cover slip, the wild-type cells frequently bump against the glass surface and show the stop response. We found that the stop response was much less frequently observed in the gtx mutants than in the wild type; the frequency of occurrence was about a half in gtx1 and one tenth in gtx2 compared with that in wild type (Table 2) . When the spacing between the glass surfaces was increased to 100 mm, stop responses were rarely observed in both wild type and mutants. Thus, the frequency of the spontaneous stop response did not differ between wild type and mutants (Table 2) .
The cell membrane of Chlamydomonas flagella produces repetitive inward current on mechanical stimulation (Yoshimura 1996) . The current is so large that it can be recorded with a suction electrode without removing the cell wall. The wild-type cell caught on a suction pipette with its flagella inside the pipette generated repetitive current when a negative pressure was applied through the pipette (Fig. 4A) . The mutants gtx1 and gtx2 retained the ability to produce the repetitive currents (Fig. 4B, C) . [The sensitivity to the stimulus cannot be quantitatively compared because it greatly varies between cells of each strain, and this situation is not improved by the removal of the cell wall (see Yoshimura 1996) .]
The finding that the phototactic mutant ptx3 displayed somewhat weakened gravitaxis suggests that some process may be shared by the phototaxis and gravitaxis mechanisms. Therefore we examined whether gtx1 and gtx2 might exhibit impaired photoresponses. The wild-type cells showed positive phototaxis at a fluence rate higher than about 10 16 photons m -2 s -1 . The tendency to swim toward the light source increased with the light intensity (Fig. 5A ). The phototaxis in gtx1 was almost the same as in the wild type. However, the phototactic response in gtx2 was less sensitive than in the wild type. Nevertheless, both mutants showed clear phototaxis at high fluence rate. This observation indicates that they retain the ability to change the swimming direction toward the light source.
Regarding photophobic response, a response induced by an intense light flash, the mutants showed normal responses with slight differences in sensitivity such that gtx1 and gtx2 required weaker light for a photophobic response (Fig. 5B) .
Discussion
In the present study, we examined gravitaxis in several mutants defective in motility and phototaxis. In addition, we isolated and analyzed novel mutants defective in gravitaxis. These two approaches gave us clues toward understanding the mechanism of gravitaxis.
The backward swimming mutants mbo1 and mbo2 sank at a rate similar to the rate in the non-motile mutant pf18 (Fig.  1A) . This is not as expected if we adopt the passive mechanism for gravitaxis; if the physical characteristics of cells is the main cause of gravitaxis, the mbo mutants would sediment at faster rates than passively sinking cells. Randomization of swimming direction by spontaneous reversal of swimming direction or collision also cannot account for the lack of gravitaxis because mbo cells do not reverse swimming direction. A simple explanation for this observation would be that the physical characteristics are not involved in the gravitaxis and that cells can respond to the gravity only by modulating the flagellar beat pattern in the forward-swimming mode, that is, an asymmetric beating pattern; they may be unable to modulate the symmetric flagellar beat pattern of backward swimming mode assumed by the mbo mutants.
The phototaxis mutant ptx1 lacks the Ca 2+ -dependent control of the dominance of the two flagella (Horst and Witman 1993) . The observation that ptx1 showed normal gravitaxis indicates that Ca 2+ -controlled flagellar dominance is not needed for gravitaxis. This is consistent with the finding by Kam et al. (1999) who reported that upward swimming cells are dominant in ptx1. These results suggest that there may be a mechanism for directional swimming that does not involve calciumdependent control of the balance of two flagella. The presence of Ca 2+ -independent steering of the swimming direction is supported by the observation that ptx1 can display chemotaxis (Horst and Weiland 1998 , but see Kam et al. 1999) .
Another phototaxis mutant, ptx3, showed a decreased degree of gravitaxis. Since ptx3 produces a smaller photoreceptor current, it is thought to have an abnormal resting potential (Pazour et al. 1995) . The gravitaxis deficiency in ptx3, therefore, suggests that membrane excitation is involved in gravitaxis.
The newly isolated mutants, gtx1 and gtx2, displayed only very low degrees of gravitaxis. To the best of our knowledge, they are the first mutants isolated as the ones specifically deficient in gravitaxis. These mutants did not have defects in motility or in physical characteristics. In particular, it is important to note that the rotation rate of immobilized cells was almost the same between the mutants and wild type (Fig. 3) . This excludes the possibility that the defect in gravitaxis in mutants is due to a change in physical characteristics of the cell.
The mutants gtx1 and gtx2 exhibited somewhat abnormal physiological responses to mechanical and photic stimuli. First, those mutants displayed mechanoshock responses less frequently when the cells hit against the glass surface (Table 2) . Thus, although they retain the ability to generate impulses in response to mechanical stimulation (Fig. 4) they may be deficient in sensitivity to mechanical stimuli or in the excitability of the cell membrane in general. Second, the mutants displayed somewhat higher sensitivities to light in photophobic excitability (Fig. 5B) . Although the lowered sensitivity in mechanoshock responses and the increased sensitivity in photophobic responses may seem inconsistent at first glance, we speculate that the two phenomena may have arisen from the common feature of the mutants. One possible explanation is that the membrane potential in mutants is hyperpolarized: hyperpolarization may sensitize the photoreceptor because it is regulated by membrane potential (Govorunova et al. 1997, Yoshimura and Kamiya 2001) . The elevation of the resting levels of intracellular Ca 2+ by increased driving force may desensitize the flagellar mechanoreceptor, which is inactivated by Ca 2+ influx (Yoshimura 1996) . To summarize, the observations on gtx1, gtx2, and ptx3 indicate that altered membrane excitability causes defects in gravitaxis. The physical characteristics of the cell, on the other hand, do not appear to play a major role in the gravitaxis of Chlamydomonas. Normal gravitaxis in ptx1 indicates that the change in swimming direction during gravitaxis is different from that during phototaxis. Therefore, these findings raise further questions as to how the membrane is excited by gravity and how swimming direction is changed by mechanism other than Ca 2+ -controlled dominance of flagella. Since the sign of gravitaxis of certain microorganisms is reversed in high-density media (Ooya et al. 1992 , Murakami et al. 1993 , Lebert and Häder 1996 , the cell appears to detect the sum of gravitational force and buoyancy rather than gravity vector alone. One possible explanation is that the cell detects the resultant force by sensing the stretching of the cell membrane by the cytoplasm. Another possibility is that the passive movement of the cell relative to the surrounding medium bends the flagellar base and excites membrane potential. In support of these ideas, mechanosensitive channels have been found in both cell body and flagella (Yoshimura 1996 , Yoshimura 1998 . Such a change in membrane potential may lead to a change in the level of intracellular cAMP and protein phosphorylation, i.e. factors that are known to participate in the control of flagellar motility (Hasegawa et al. 1987, King and Dutcher 1997) . In fact, flagellated cells have been shown to possess adenylate cylcases whose activities are controlled by membrane potential (Schultz et al. 1992 , Bertán et al. 1996 . We hope that detailed molecular and physiological characterizations of gtx1, gtx2 and other gravitaxis mutants will provide answers to the questions of how the cell sense the gravity and how the mechanism differs from the one underlying phototaxis.
Materials and Methods
Strains and culture
Chlamydomonas reinhardtii 137c mt + was used as the wild-type cell. Mutants used were oda1 that lacks the outer dynein arms and swims slowly (Kamiya and Okamoto 1985) ; pf18 that is paralyzed due to the absence of the central-pair microtubules (Warr et al. 1966) ; ptx1 and ptx3 deficient in showing phototaxis Witman 1993, Pazour et al. 1995) ; and mbo1 and mbo2 that swim backwards only (Segal et al. 1984) . Cells were grown in Tris-acetate phosphate medium (TAP) under 12 h light/12 h dark conditions (Gorman and Levine 1965) .
Assay for gravitaxis
Cells were washed twice with an experimental solution containing 1 mM KCl, 0.3 mM CaCl 2 , 0.2 mM EGTA, and 5 mM HEPES, pH 7.4. Cell suspension was transferred into a glass tube (inner diameter = 1.2 mm; 100 ml micropipette, Drummond Scientific Co., Broomall, PE, U.S.A.) and its upper and lower ends were sealed with dental wax. The tube was held upright under red light illumination (>600 nm), which does not induce phototaxis. The red light illumination was necessary to maintain cells' active motility (Sineshchekov et al. 2000) . After a desired period, the tube was cut into halves and the number of cells in each half was counted. The degree of gravitaxis (gravitactic index: GI) was expressed as, GI = (n l -n u ) / (n l + n u ) where n u and n l are the numbers of cells in the upper and lower halves of the glass tube, respectively. Thus, when both halves contain an equal number of cells, GI is zero. When all of the cells gather in the upper half of the tube (i.e. when cells display perfect negative gravitaxis), GI is -1. The number of cells in the tube was 100-500. The experiment was carried out at room temperature (23-27°C).
Isolation of mutants
Wild-type cells were mutagenized by placing them about 30 cm below a 15-W UV lamp for 5 min. After the cells were kept under dark conditions for 1 d, they were grown under 12 h light/12 h dark conditions. A portion of the cells was transferred into a glass tube for the assay of gravitaxis (see above). Two hours after the cells were kept in the upright tube, cells in the lower 1/3 part of the tube were saved and transferred to a test tube filled with the TAP medium. The cells were then grown for 4-5 d. After this screening process was repeated 4-5 times, cells were inoculated on TAP/agar plates. Cells from each colony were assayed for gravitaxis with the glass tube. Those cells that did not show marked accumulation to the top of the tube were retrieved as possible gravitaxis mutants. Mutants that were defective in motility were discarded. The mutants finally judged as gravitaxis deficient were backcrossed with wild type for use in further analysis.
Mechanoresponse
As a measure of cellular mechanoresponse, the frequency of cells' transient backward swimming upon collision against the glass surface was examined under a microscope. Normal cells temporarily swam backward when they hit against the glass surface. The space between the glass slide and cover slip was set at about 30 mm. To distinguish this response from sporadic, spontaneous reversal of swimming direction, the behavior of free-swimming cells was also examby guest on November 7, 2016 http://pcp.oxfordjournals.org/ Downloaded from ined; in this case, the space between the glass surfaces was set at greater than 100 mm.
The membrane current generated at the flagella upon reception of mechanical stimulation was measured as described previously (Yoshimura 1996) . In brief, a cell in an experimental solution was caught onto the mouth of a heat-polished glass pipette with its flagella inside the pipette. The current generated upon application of negative pressure through the pipette was amplified and recorded with a patchclamp amplifier (Axopatch 200B, Axon, Foster City, CA, U.S.A.).
Photoresponse
Photophobic response and phototaxis were examined as described (Matsuda et al. 1998) . In brief, the swimming behavior of cells was observed under a microscope equipped with a CCD camera, under red light illumination (>600 nm). Light stimulus for eliciting transient photo-response was provided by a photographic strobe through a 500 nm filter (10 nm half band width). In the phototaxis assay, continuous light was applied through a 500 nm filter from one side of the specimen chamber.
Photoreceptor current was measured in a cell suspension (Sineshchekov et al. 2000 , Matsuda et al. 1998 . Two platinum wire electrodes were placed on the two sides of the chamber that contained 0.5 ml of cell suspension (10 7 cells ml -1 in 0.1 mM CaCl 2 and 0.5 mM HEPES, pH 7.4). Light flash was applied from the side of one electrode. Since photoreceptor current is generated mostly by the cells facing their eyespots (photoreceptor) toward the light source, unidirectional current is produced in the chamber. The current was amplified by an amplifier (EPC7, List Medical, Darmstadt, Germany) and recorded with a computer.
